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ABSTRACT 
 
The work investigates the impact of plasma nitridation process parameters upon the 
physical properties and upon the electrical performance of sub-15 Å plasma nitrided gate 
dielectrics. The nitrogen distribution and chemical bonding of ultra-thin plasma nitrided 
films have been investigated using XPS. It is shown that N-Si3 bonds are dominant in the 
ultra-thin plasma nitrided films, and that O2=N-Si bonding configuration is observed 
when no PNA is applied after the plasma nitridation. The EOT reduction due to an 
increase of N in the film is not a monotonic increasing function of the DPN time. It seems 
that there is an optimum N concentration for a given thickness of the base oxide that 
enables the continued down scaling of DPN base dielectrics. 
 
 
INTRODUCTION 
 
Sub-100 nm CMOS technologies require gate dielectrics below 1.5 nm equivalent oxide 
thickness (EOT). The introduction of nitrogen (N) in the gate oxide using furnace 
nitridation has been shown to minimize B penetration and to reduce the gate leakage 
current [1-2]. However for sub-15 Å gate dielectric, aggressive nitridation processes such 
as plasma nitridation techniques are required to extend SiO2 based gate insulator 
technology. This work focuses on the understanding of the various parameters of the 
plasma nitridation process used to form ultra-thin oxynitrides. It is shown that an 
effective compromise between EOT-JG reduction and mobility degradation can be 
obtained with the appropriate plasma nitridation and anneal conditions. 
 
EXPERIMENTAL DETAILS 
 
The gate dielectrics were formed in three steps as illustrated in figure 1. First, a pure thin 
oxide film is grown using in-situ steam generation oxidation (ISSG). For this study, 
various thicknesses were grown: 4, 8, 12, 16 Å. Then the oxide is exposed to a high 
density N2-plasma for nitridation, which determines the nitrogen incorporation. Here, a 
decoupled plasma nitridation (DPN) process was used. Several nitridation times and 
plasma He % were investigated. The final step of the DPN process is a high temperature 
anneal, so-called post nitridation anneal (PNA) in O2. In this work, the effect of the PNA 
and its time were studied. 
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Figure 1: Scheme of the DPN process. The DPN gate stack process consists of three 
steps: growth of a high quality oxide, plasma nitridation and a high temperature anneal. 
 
Sub-100 nm n- and p-MOS transistors were fabricated on p-type (100) Si wafers. The 
junctions were formed by low energy boron and arsenic implants combined with tilted 
pocket implants and short rapid thermal anneals. 
 
The chemical structure of oxynitride films were studied by x-ray photoelectron 
spectroscopy (XPS) using a Quantum 2000 from Phi. For the XPS measurements, the 
angle between the axis of the analyser and the sample surface was 45 °; the information 
depth was thus about 7 nm. The measurements have been performed using monochromatic 
AlKα radiation with a measuring spot of 100 µm and with a measured area of 1400 x 500 
µm2 (High Power mode).  By means of wide scan measurements the elements present at the 
surface have been identified as being C, O, Si and N. The chemical state of the elements was 
derived from the peak positions determined from accurate narrow-scan measurements. The 
binding energy axis was calibrated using the Si2p3 peak of Si as peak reference at 99.3 eV [3]. 
Standard sensitivity factors were used to convert peak areas to atomic concentrations. As a result 
of this, it is possible that the concentrations deviate from reality in the absolute sense (generally 
not more then 20% relative). When atomic concentrations of XPS results are compared with each 
other, the results are more accurate (roughly 5 %). The thickness of the oxynitride (Si-O-N) layer 
was determined from the ratio “Si as Si-O-N” / “e-Si”. 
 
As the gate oxide is scaled, the gate leakage current increases exponentially, impacting 
strongly the “standard” Capacitance-voltage (C-V) measurements at high frequency (10-
100 kHz). Therefore, higher frequencies are required to obtain parasitic and leakage free 
C-V curves for ultra-thin oxynitrides [4-5]. C-V characteristics have been measured at 1 
MHz and 0.5 GHz for films with a 1.5 and a 1.2 nm EOT, respectively. The EOT and 
flat-band voltage (VFB) were extracted from C-V curves using the NCSU program [6].  
 
 
RESULTS AND DISCUSSION 
 
1. EFFECT OF THE PLASMA NITRIDATION TIME 
a. Physical analysis 
The effect of the plasma nitridation time on the N bonding was investigated. The N1s and 
O1s spectra have been measured on oxynitrides formed with a 16 Å base oxide followed 
by a 10 or 60 sec plasma nitridation, as presented in figure 2 (a) and 2 (b), respectively. 
 
 
2000
10000
18000
26000
34000
42000
50000
525 528 531 534 537 540
Binding Energy (eV)
In
te
ns
ity
/ [
Si
O
xN
y/
e-
Si
] (
a.
u.
)
1.6 nm+DPN 10 sec+PNA
1.6 nm+DPN 60 sec+PNA
2000
3000
4000
5000
6000
7000
8000
9000
10000
388 392 396 400 404
Binding Energy (eV)
In
te
ns
ity
/ [
Si
O
xN
y/
e-
Si
] (
a.
u.
) 1.6 nm+DPN 10 sec+PNA
1.6 nm+DPN 60 sec+PNA
(b) 
(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Spectra of (a) N1s and (b) O1s of plasma nitrided films having received a 10 or 
60 sec plasma nitridation 
 
Only one N1s peak was observed indicating that there is mainly one type of N in these 
DPN oxynitride films. The chemical bond configuration of N is similar to that N in Si3N4 
(binding energy close to 398 eV) [7]. The lack of N-O bonds might indicate that N 
exchanges exclusively with O in the SiO2 matrix and seems to be always bonded to 
unoxidized Si. The N1s peak shifts to lower binding energy as the nitridation time 
increases. Indeed, the N1s peak of the nitrided samples for 10 and 60 sec have a binding 
energy of 398.3 ± 0.1 and 398.05± 0.1 eV, respectively. This shift results in the increase 
of the N bonding to Si as the nitridation time is raised. Furthermore, the atomic 
concentration of N is increasing while the amount of O is decreasing (figure 3) as the 
nitridation time is increased. This could confirm the exchange of N for O in the SiO2 
matrix, accompanied by the disappearance of some O atoms from the sample. 
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Figure 3: Atomic concentrations of N 1s and O 1s measured at the surface for Θ = 45° 
for oxynitride films having a 16 Å base oxide. The ratio of the concentrations of N and O is 
plotted on the second y axis. The longer the plasma nitridation, the more nitrogen is 
incorporated in the film. 
 
It is interesting to note that the Si4+ (Si chemically bound to O and N) shifts to lower 
binding energy when increasing the plasma nitridation time, implying an increase of N 
incorporated in the film, as shown in figure 4. In SiO2, the Si2p-peak is at 103.5 eV, in 
Si3N4 the Si2p-peak is at approximately 101.8 eV. The shift of Si4+ can therefore be 
explained by the creation of more Si-N3 bonds and confirms the increase of the [N]/[O] 
ratio [N]/[O].  
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Figure 4: Si spectra of Si chemically bound to O and N for oxynitrides with a 10 or 60 sec 
plasma nitridation. 
 
The plasma nitridation time was also varied (15 and 30 sec nitridation) for oxynitrides 
having an 8 Å base oxide. A slight increase of the amount of N was measured when 
increasing the plasma nitridation time, as illustrated in figure 5. This could be within the 
error made with the XPS system. However, no shift of the N1s, O1s, and Si peaks was 
observed with increasing the nitridation time, contrary to thicker base oxide films. The 
binding energy measured for the N1s and Si spectra were 398.05 and 102.93 eV 
respectively, which implies the creation of N-Si3 bonds and the presence of geometrical 
constrains of the lattice already in a sample having the shortest DPN process (15 sec). 
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Figure 5: Atomic concentrations of N 1s and O 1s measured at the surface for Θ = 45° 
for oxynitride films having a 16 Å base oxide. The ratio of the concentrations of N and O is 
plotted on the second axis. 
 
b. Electrical characterization 
The increase of the N concentration in the dielectric when increasing the plasma 
nitridation time was also observed electrically. Increasing the amount of N results in a 
higher dielectric constant (ε) of the film [8-9] and also leads to a physically thicker film. 
This larger N incorporation results in a lower gate leakage current density (JG), as 
illustrated in figure 6 [10]. A slight decrease in EOT with increasing the N content is seen 
for the thickest base oxides. Hence, for dielectric with a thick base oxide, it is possible to 
obtain a reduction of both the gate leakage current and EOT with adjusting the amount of 
N in the film. This EOT reduction is not observed for the thinnest base oxides. On the 
contrary, while JG decreases, the EOT is increasing with increasing the plasma nitridation 
time. Therefore, when thinning the base oxide thickness, the process window for gate 
dielectric optimization is reduced and a trade-off between scaling the EOT and reducing 
the gate leakage current can be seen. 
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Figure 6: Gate leakage current density measured on NMOS transistors as a function of 
EOTs for oxynitride formed with DPN followed by a PNA. The base oxide thickness and 
DPN time are varied. 
When increasing the plasma nitridation time, a shift of the C-V curve, that is to say of the 
VFB, was observed as shown in figure 7. The origin of this shift might be the existence of 
residual bulk charges from the N incorporation in the dielectric film. Indeed, as the 
oxynitride has a lower lattice constant than that of silicon dioxide, strain might be 
introduced because of the geometrical constraints of the lattice. The geometrical 
constraints and/or defects arising from substituting N for O in the SiO2 might create fixed 
trap charges in the bulk that shifts VFB. The direction of the shift of the C-V curve 
indicates that the trap charges due to the presence of N are positive. Another cause of this 
shift might be the damage generated by the plasma nitridation process itself, even after 
post nitridation anneal. 
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Figure 7: Capacitance-Voltage characteristics measured at (a) 1 MHz and (b) 0.5 GHz 
on different test structures. The gate oxynitrides were formed with a (a) 16 and (b) 8 Å 
base oxide followed by a plasma nitridation having different duration and a common 
PNA. The EOTs extracted are (a) 1.5 nm and (b) 1.2 nm. 
 
Moreover, when increasing the plasma nitridation time, a degradation of the maximum of 
the normalized transconductance (used as an indicator of the carrier mobility) is observed 
(Figure 8 (a)). This could be also attributed to the increase of positive fixed charges in the 
bulk with raising the incorporation of N in the film, even though a PNA was applied. The 
PNA performed after the DPN process does not seem to cure all the defects created 
during the DPN process. However, the high field transconductance is improved with 
increasing the N content. This trend has been reported in the literature with various 
explanations [11-13]. One of the explanations could be that N traps electrons and repels 
the carriers away from the interface making it look “smoother” at higher fields. 
The intrinsic oxide reliability has been measured on the oxynitrides formed with a DPN 
process with different duration and a common PNA (Figure 8 (b)). Each point in the plot 
represents the 63%-value of a distribution with about 10 measurements. The time-to-
breakdown distributions show a degradation of the reliability of the gate oxynitrides 
when increasing the nitridation time. This could be related to the geometric constraints 
and/or defects introduced during the DPN process. 
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Figure 8: (a) Normalized transconductance of NMOS transistors having a 1 µm gate 
length. (b) Time-to-Breakdown versus voltage stress. All the dielectrics were formed with 
a 1.6 nm ISSG followed by a DPN with different nitridation times and a common PNA. 
 
 
2. EFFECT OF A POST NITRIDATION ANNEAL (PNA) 
The final step of the DPN process is a high temperature rapid thermal annealing (RTA) in 
O2. The effect of a PNA on the N bonding has been investigated, as illustrated in figure 9. 
In addition to the major N-Si3 peak, the oxynitride film formed without a PNA also 
contains a peak at 402.8 eV which is attributed to O2=N-Si bonds [14]. This second peak 
is not observed for the oxynitride film formed with a PNA. During the high temperature 
anneal in O2, the rather unstable bonds of N with O might be broken. N-Si3 bonds are 
very stable bonds and have therefore small probability to be broken during the RTA. The 
shift of the N1s peak towards lower binding energies confirms the enhancement of the N 
exchange mechanism with O. Some O might be removed out of the film during the PNA. 
This is in agreement with the slight increase of the ratio [N]/[O]. The remaining O in the 
film might diffuse towards the interface with the Si and create new SiO2 bonds. The 
SiOxNy film obtained after the DPN process might be transformed in a bi-layer with a 
Si3N4 like film on top of a SiO2 like interface. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9: (a) Spectra of N1s of nitrided films. Without PNA the N1s spectra exhibits a 
second peak at 402.8 eV. (b) Atomic concentrations of N 1s and O 1s measured at the 
surface for Θ = 45° for oxynitride films formed with a plasma with 40 or 60 % He. The ratio 
of the concentrations of N and O is plotted on the second axis. 
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3. EFFECT OF THE PNA TIME 
a. Physical analysis 
Increasing the time of the PNA does not have a big impact on the N bonding 
configurations. Again, N-Si3 peak is present on the N 1s spectra, as shown in figure 10 
(a). A slight shift of the N 1s peak to lower binding energies was observed when 
increasing the time of the PNA. This confirms the enhancement of the N exchange 
mechanism with O with a PNA. The longer the PNA, the higher is the N and O diffusion. 
In figure 10 (b), the atomic concentrations of N and O are plotted as well as the ratio 
[N]/[O]. The uncertainties in the measurements are less then the observed change.  
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Figure 10: (a) Spectra of N1s showing the N Si3 peak. (b) Atomic concentrations of N 
1s and O 1s measured at the surface for Θ = 45° for oxynitride films formed with a plasma 
nitridation of 1 or 15 sec. The ratio of the concentrations of N and O is plotted on the 
second axis. 
 
b. Electrical characterization 
The impact of the time of the PNA was studied for dielectrics formed with an ultra-thin 
base oxide of 4 Å. Two different DPN conditions were investigated: 
- DPN 1: 10 sec, 40 % He, 300 W 
- DPN 2: 20 sec, 40% He, 300 W 
As observed with XPS measurements, a longer PNA leads to an increase of the N and O 
diffusion. A decrease of the gate leakage current as well as a slight increase of the EOT is 
observed when increasing the time of the PNA (figure 11 (a)). This could be explained by 
a physical change of the film as the time of the PNA increases. A physical thickening of 
the film could explain the increase in EOT, decrease in leakage current and also the 
enhanced carrier mobility, as shown in figure 11 (b). This seems to indicate that the 
process window enabling the reduction of both the gate leakage current and the EOT is 
very small for dielectric formed with an ultra-thin base oxide. 
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Figure 11: (a) JG and (b) maximum of the normalized transconductance versus EOT for 
oxynitride films with a PNA at 1050oC for 1 or 15 sec. 
 
 
 
CONCLUSIONS 
 
The impact of various parameters of the plasma nitridation was investigated upon the N 
binding configurations measured with XPS and the electrical properties of ultra-thin gate 
dielectrics. The DPN process itself induces the formation of mainly N-Si3 and also of O2-
N-Si bonds. When a PNA is applied after the DPN process, only the N-Si3 bonds are 
observed. N seems to exchange exclusively with O in the SiO2 matrix and seem to be 
always bonded to unoxidized Si. During the high temperature PNA, the rather unstable 
O-N bonds are broken while the very stable N-Si3 bonds are preserved. The N exchange 
mechanism with O seems enhanced. An increase of the N content in the film was 
observed when increasing the time of the plasma nitridation. The EOT reduction due to 
an increase of N in the film is not a monotonic increasing function of the DPN time. It 
seems that there is an optimum level of N for a given base oxide thickness that enables 
the continued down scaling of DPN base dielectrics. For dielectric with a thick base 
oxide, it is possible to obtain a reduction of both the gate leakage current and EOT with 
adjusting the amount of N in the film. However, the process window for optimizing ultra-
thin gate dielectric is reduced when decreasing the base oxide thickness. A trade-off 
between reducing JG and scaling the EOT is visible for dielectrics having an ultra-thin 
base oxide. Finally, a shift of the VFB as well as a degradation of both the carrier mobility 
and oxide reliability were observed, as the amount of N is increased. This could be 
attributed to the geometrical constraints and/or defects arising from substituting N for O 
in the SiO2 matrix. 
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